significant ADHD inattention symptoms predict 'ever having smoked' in 1,066 tenth-grade students [10] . In the same study sample it was found that adolescent 'ever smokers' with symptoms of ADHD had high novelty-seeking scores. Thus, adolescents with novelty seeking and symptoms of inattention and hyperactivity may have an increased vulnerability to experiment with smoking [11] . A study that included a very large nationally representative sample of adults likewise showed that self-reported ADHD symptoms were associated with adult smoking outcome, thereby providing further evidence of a link between ADHD symptoms and risk for tobacco use [7] .
It is, however, unknown whether ADHD symptoms are actually causally related to tobacco use, or whether they simply coincide. To make claims about causation more probable, randomized controlled trials have been proposed because they provide the unique capacity to test for reciprocity between hypothesized risk variables and outcomes, while the randomization controls for possible sources of confounding [12, 13] . There are some indications that ADHD symptoms may indeed cause smoking. For instance, the results of a preliminary study among college students using medication to control their ADHD symptoms indicate that lowering the level of ADHD symptoms may be important to protect against increased risk of tobacco use [14] .
In the present prospective study we tested the link between ADHD symptoms and early-onset tobacco use. We specifically studied whether reductions in ADHD symptoms at age 9, as a proximal outcome of a classroom-based intervention targeting disruptive behavior problems, mediated the reduced risk of tobacco use at age 10 or 11 years among children who received the intervention. In a previous study, we found that at age 7, children who were prenatally exposed to maternal smoking had higher ADHD symptom scores. The Good Behavior Game (GBG) intervention did not affect the course of their ADHD symptoms and the probability of early-onset experimentation with smoking. This indicates that prenatally exposed children were not susceptible to a positive impact of the intervention [15] . Therefore, we adjusted for prenatal maternal smoking in the present study. Also, current parental smoking was adjusted for. Finally, it should be noted that some authors have suggested that the risk of developing substance use disorder, including smoking in adolescents with ADHD, is actually mediated through conduct disorder, since ADHD and conduct disorder often co-occur [16, 17] . We therefore tested whether reductions in conduct symptoms could also mediate the effect of the intervention on early tobacco use.
Methods

Participants
In 1999, mainstream elementary schools with at least 2 firstgrade classes in the metropolitan areas of Rotterdam and Amsterdam, the Netherlands, were recruited to participate in a schoolbased preventive intervention study targeting disruptive behavior. The first 13 schools that responded positively to the invitation to participate were included [for more details, see 18 ] . The original target sample consisted of 794 first-grade children. Only the 722 children who moved on to second grade and the 22 children who repeated second grade, and who thus moved into the study cohort, were eligible for inclusion, resulting in a total sample of 744 children. All parents were approached to obtain written informed consent, and 666 parents (89.5%) agreed to let their child participate in the study. At baseline, the mean age of these children was 6.9 years (SD = 0.6), and 52% were male. During the summer break, when second-grade class compositions were known, classes within each school were randomly assigned to the intervention or control condition. Of the 31 classes in the 13 schools, 16 were assigned to the intervention condition and 15 to the control condition. Over the 2-year intervention period, 19 children moved from the control group into the intervention group. These children were treated as intervention children. In this period, 91 children dropped out of the study cohort because they failed to pass to the next grade or moved away from school. In addition, 1 school refused to participate after third grade (n = 55). During 2 followup measures, when children were 10 and 11 years of age, data for 43 children were missing because parents refused to let their child participate in these follow-up measures or because we were unable to locate them. Consequently, data were complete for 477 children (214 control group, 263 intervention children), yielding a response rate of 71.6% over a period of 6 years. Children who dropped out of the study during this phase were more likely to be female Figure 1 shows a flow chart in which the numbers of included children in each step of the study are presented. Fifty-four percent of the remaining 477 children were boys. Eighty-two percent of the children were Caucasian, 7% were of Moroccan, 7% were of Turkish and 4% of other ethnic background. Thirty percent of the households were of low SES, which resembles the percentage of low SES families in the general Dutch population [19] .
GBG Intervention
The GBG is a classroom-based behavior management strategy that promotes prosocial behavior and aims to reduce disruptive behavior, including hyperactive and impulsive behavior. The GBG offers a well-structured task within the classroom, including clear behavioral rules, and provides systematic reward. In previous reports, the GBG has demonstrated to reduce symptoms of ADHD [20] and aggressive problems associated with high levels of ADHD symptoms [20, 21] . In the present study, we will focus specifically on the reduction of ADHD symptoms after the GBG intervention. In the GBG, teachers discuss the necessity of formulating class rules and, with their students, select positively formulated class rules, which are accompanied by pictograms. After observing children on well-defined behaviors in the classroom, teachers assign children to 1 of the 3 or 4 teams. Teams include equal numbers of disruptive and nondisruptive children. Children are encouraged to manage their own and their teammates' behavior through a process of group reinforcement and through mutual self-interest. Each team receives a number of cards and teams are rewarded when at the end of a 15-to 60-min period at least 1 card remains. Teachers take a card when students violate 1 of the chosen rules. Students are always rewarded with compliments.
In the first intervention year, the GBG was implemented in 3 different stages. In the introduction phase, the GBG was played 3 times a week during 10 min. In addition to the compliments, winning teams also received tangible rewards (stickers) directly after each game. In the expansion phase, teachers were encouraged to expand the duration of the GBG (up to three 1-hour sessions per week), expand the settings in which the GBG was played and expand the behaviors targeted by the GBG. Rewards were delayed until the end of the week and, later, until the end of the month. This phase lasted until early spring of the school year. In the generalization phase, emphasis was on promoting prosocial behavior outside GBG moments by explaining children that the rules used during the GBG were also applicable when the game was not in process. Children received compliments for appropriate behavior by their teachers. The GBG sessions were used as a booster. The same 3 phases were used in the second intervention year, but since the children were already familiar with the GBG, teachers swiftly moved to the expansion and generalization phase.
The GBG was implemented in second and third grade (age 7 and 8 years). Teachers received 2 afternoons of training prior to the intervention and 1 afternoon of instruction in midyear. During the first intervention year, teachers were coached in their classroom during ten 60-min classroom observations by welltrained advisors from the school advisory services.
External school advisors evaluated implementation fidelity based on the frequency of the intervention periods and the total amount of intervention time in hours per class. Of the 13 schools, 9 implemented the GBG program completely. Three schools implemented the introduction and expansion stage. Despite differences in implementation fidelity of the GBG, an intention-to-treat approach was used throughout the analyses. The GBG was initiated by the third author [22] . It was adapted for use in the Netherlands by the educational services [23, 24] .
Measures
Assessment of Symptoms of ADHD
Teacher ratings of ADHD symptoms were determined over the last 2 months by means of the Teacher's Report Form (TRF)/6-18 [25] , which contains a list of 120 items on which the child's behavior is rated on a 3-point scale. These ratings do not yield psychiatric diagnoses. In the present study, the 13 items resembling DSM-IV symptoms of ADHD were used [26] . The total score of ADHD could range between 0 and 26. Items included information on inattention (for example, 'this child has difficulty with concentration') as well as on behavioral impulsivity and hyperactivity (for example, 'this child is impulsive', 'this child talks out of turn', 'this child finds it hard to sit still'). These 13 items were summed to a total ADHD baseline score, which was used as the indicator for the pre-, peri-and postintervention latent variables (time 1, 2 and 4) in the analyses model (see Statistical Analysis section; fig. 1 ). The TRF has been translated and validated for use in the Netherlands [27] . Cronbach's ␣ ranged from 0.90 to 0.91 over the assessments. At 2 assessment waves (time 3 and 4), teachers were interviewed with the Problem Behavior at School Interview (PBSI) [28] . The PBSI is a 32-item interview assessing disruptive and shy/ withdrawn behavior in children and was developed by two of our authors (AAMC, PACL). Teachers rated the child's behavior on a 5-point Likert scale. The ADHD problem scale was used in this study. The ADHD scale consists of 8 items, 1 of which focuses on inattention, whereas the other items focus on impulsivity and hyperactivity. The total score could range between 0 and 32. Items included 'this child has difficulty with concentration' and 'this child is impulsive'. The interrater reliability, which reflected the correlation coefficients between 2 teachers who rated the same children, was r = 0.45 (p ! 0.01). Cronbach's ␣ was 1 0.90. The summed score served as the indicator for the time 3 and 4 latent ADHD variable ( fig. 1 ) . Thus, at time 4, both the total ADHD scores of the PBSI and TRF served as indicators for the time 4 latent ADHD variable.
Assessment of Conduct Problems
Teacher-rated conduct problems were assessed at the same time points as ADHD symptoms through the TRF/6-18 and PBSI. The 11 items (TRF/6-18) and 9 items (PBSI) on conduct problems include 'this child is mean to others', 'this child fights', 'this child feels no guilt' and 'this child lies and cheats'. Cronbach's ␣ was always 1 0.90 over the assessments.
Assessment of Substance Use
By means of self-report on the Substance Use Questionnaire [29] , young adolescents filled in questions on tobacco, alcohol or other substance use at age 10 and 11, and on age of onset of using these substances at time 5 and 6, when they were aged 10 and 11 years, respectively. Cigarette use was scored on a 7-point scale ranging from 0 (did not smoke at given age) to 7 (smoked more than 20 cigarettes per day). Because of our young sample, we focused on use versus nonuse (0 = no tobacco use; 1 = tobacco use, defined as 'smoking 1 cigarette or less a week' to 'smoking more than 20 cigarettes per day').
Control Variables
Women's use of cigarettes during pregnancy was assessed through the Substance Use during Pregnancy Interview [29] . When the children were 10 years old, trained interviewers contacted the mothers by telephone for information about the frequency of use and number of cigarettes they had smoked during pregnancy. Retrospective reporting of substance use during pregnancy may yield valid measures, whereas women may underreport substance use if asked during pregnancy because of stigma associated with substance use at that time. Especially when pregnancy has passed and there is no discernible major adverse effect on the child, the mother may be forthright in her reporting [30, 31] . In the present study, prenatal smoking was defined as a binary variable (0 = did not smoke during pregnancy; 1 = smoked during pregnancy).
Current parental smoking was assessed during the same telephone interview when children were 10 years old. At the time of the assessment, parents were asked if they currently smoked. Current smoking was defined as a dichotomized variable: 0 ('no') if they did not currently smoke and 1 ('yes') if they did.
Procedure
Preintervention assessment of symptoms of ADHD (time 1, spring of grade 1, age 7 years) was conducted with the TRF. Periand postintervention assessment of behavior also included the TRF at time 2 (spring of grade 2, age 8 years) and time 4 (early summer grade 4, age 9 years). Teachers were sent 5 forms with preprinted names each week and were asked to complete 1 form per day. In this way, teachers filled out the TRF for each child in their class over a period of approximately 1 month for each assessment wave. In addition, teachers were interviewed with the Problem Behavior at School Interview [28] at time 3 (fall of grade 3) and time 4 (early summer grade 4, age 9 years) for each of the classroom children. Postintervention assessment of substance use (time 5 and 6, age 10 and age 11, respectively) was conducted by means of self-report on the Substance Use Questionnaire [29] , which was filled in by our subjects, supervised by research assistants, in the classroom. The children were told that their answers would be confidential and that they did not have to answer any of the questions if they did not want to. Teachers were not present in the classroom while the children were filling out the questionnaires. Figure 2 shows the mediation model we used for the present study. The objective of the model was to test whether reductions in the growth of ADHD symptoms over the ages of 7-9 years, due to the intervention, mediate the reductions in the probability of early-onset tobacco use [32] . The ADHD symptom scales of the TRF/6-18 and PBSI were used as indicators (TRF at time 1, 2 and 4; PBSI at time 3 and 4) for the growth parameters.
Statistical Analysis
To account for the missing-by-design data, the following procedure was used. First, a latent variable was considered for each of the 4 time points (time 1-4). Indicators for these latent variables were the total ADHD symptom scores derived from the TRF and PBSI at the given time points. Second, measurement invariance of ADHD symptoms across the 4 time points was approached as follows. (1) To put the 4 latent ADHD problem variables in the same metric at each of the 4 time points, the factor loading of the TRF on the latent variables at each time point was set by default at 1, while the factor loading for PBSI was held equal across time.
(2) The measurement intercepts were constrained to be equal across time for both the TRF and PBSI scores. The measurement model, which controlled for gender and GBG effects on the growth parameters, had a good fit to the data: 2 (13, n = 477) = 17.78, p 1 0.05; comparative fit index = 0.99, Tucker-Lewis index = 0.98, root mean squared error of approximation = 0.03. To further ascertain measurement invariance between the TRF and PBSI, the factor loadings and measurement intercepts of the PBSI at time 3 and 4 were estimated (that is, not held equal across time). The model did not improve [ 2 (2, n = 477) = 4.0, p 1 0.05].
To test for mediation, the following procedure was used. First, to ascertain that our data fulfilled the requirements to test for mediation, the impact of intervention on the outcome (early-onset smoking) and growth of our hypothesized mediator (that is, impact on slope of ADHD symptoms) was tested, controlling for preintervention levels of ADHD symptoms (that is, intercept of ADHD symptoms) and male gender. In the second phase of the analyses, we specified the direct path from growth in ADHD symptoms to the outcome [32] . Sobel's test [33] was used to test for the significance of the indirect (mediation) path [34] . To con-trol for possible nonindependence in the teacher ratings of ADHD symptoms (1 teacher filled out all questionnaires for his/her children in the classroom), parameter estimates were corrected for school level clustering, using a sandwich estimator. As such estimators affect the 2 statistics and standard errors, means-and variance-adjusted test statistics [35] were used to test for significance of parameters. All models were fitted in Mplus 4.2 [36] .
Results
Descriptive Statistics
A total of 61 children (12.8%) reported tobacco use at age 10-11 years in the sample. However, children who received the GBG intervention had lower probability of early-onset tobacco use than control group children [GBG: 9.9%; controls: 16.4%; 2 (1, n = 477) = 4.43, p ! 0.05]. The percentage of children from the control group that displayed early-onset tobacco use was in accordance with the general Dutch population [37] . Although specific medication use was not assessed in this sample, data on mental health service use was available. However, contact with a mental health institution was not related to intervention status (GBG vs. control):
2 (1, n = 454) = 3.4, p 1 0.05. Other background characteristics and descriptive information on the intervention and control groups, such as gender, low SES and ADHD scores, are shown in table 1 . There were no differences in gender or ADHD scores between the intervention and control groups. However, the intervention group contained more children of low SES.
Intervention, ADHD Symptoms and Early-Onset Tobacco Use
First, we specified a nonmediation model ( fig. 3 a) . All parameter estimates were controlled for male gender. A significant effect of intervention status on the growth (slope) of ADHD symptoms ( ␤ = -0.49, p ! 0.01) indicated reduced growth rates of these problems in intervention children over the studied period. Holding the effect of intervention on the slope parameter equal to zero resulted in a significant deterioration of the model: 2 (1, n = 477) = 14.68, p ! 0.01. Cohen's d was 0.27, which re flects a medium effect size. As demonstrated previously, the reduction in early-onset tobacco use was also sig- nificant: ␤ = -0.21, p ! 0.01. Again, holding the effect of intervention on tobacco use equal to zero significantly reduces the model fit: 2 (1, n = 447) = 10.69, p ! 0.01. Next, to test for mediation, the direct paths from the growth parameters to early-onset tobacco use were specified. Both the intercept ( ␤ = 0.24, p ! 0.05) and slope parameter ( ␤ = 0.27, p ! 0.05) were significantly associated with the outcome. Holding these parameters equal to zero (that is, the nonmediation model) significantly reduced the model fit: 2 (1, n = 477) = 5.96, p ! 0.05. The indirect path (GBG 1 growth in ADHD symptoms 1 early-onset tobacco use) was significant ( ␤ = -0.10, p ! 0.05). Moreover, when specifying the indirect path, the direct path from intervention status to early-onset tobacco use was no longer significant ( ␤ = -0.12, p 1 0.05), indicating that the reduction in ADHD symptoms completely mediated the intervention-induced reductions in early-onset tobacco use ( fig. 3 b) .
To assess the robustness of this finding, we ran a number of tests. First, to test whether this effect was specific for the reduction in ADHD symptoms, we additionally tested the same models for reductions in symptoms of conduct problems. In the nonmediation model, we found a significant effect of the intervention status on the slope of conduct problems ( ␤ = -0.08, p ! 0.05). However, the indirect path was not significant ( ␤ = -0.01), indicating that reduction in conduct problems did not mediate the intervention-induced reductions in early-onset tobacco use.
We then tested whether 3 possible sources of confounding, namely prenatal exposure to maternal smoking, current parental smoking and low SES, influenced our findings. Both prenatal exposure to tobacco [38] and current parental smoking [39] have been associated with early-onset tobacco use in their offspring.
With respect to prenatal smoking, 83 mothers (17%) reported having smoked during pregnancy. We first included this variable as a main effect in the nonmediation model predicting children's tobacco use at age 10-11 years, and in predicting the intercept and slope of symptoms of ADHD. In accordance with previous research, we found that the initial level (intercept) of ADHD symptoms was significantly associated with prenatal smoking ( ␤ = 0.23, p ! 0.05). No effect of prenatal smoking was found on the slope ( ␤ = -0.04, p 1 0.05). This term was therefore deleted from the model. A trend toward significance was found for prenatal smoking on children's early-onset tobacco use ( ␤ = 0.27, p = 0.06). The direct effect of intervention remained significant ( ␤ = -0.40, p ! 0.05) when controlling for prenatal exposure to tobacco.
We then specified the mediation model. When taking into account the intervention-induced reductions in ADHD symptoms, the direct effect of intervention on early-onset smoking was no longer significant, confirming that even when controlling for prenatal smoking, intervention-induced reductions in ADHD symptoms mediated the reduced levels of early-onset tobacco use. Interestingly, the direct effect of prenatal exposure to tobacco on children's early-onset tobacco use was also rendered into insignificance ( ␤ = 0.16, p 1 0.05) after taking into account reductions in ADHD symptoms.
Current parental smoking was reported in 41% of the families. However, no effect of this factor was found on children's early-onset tobacco use ( ␤ = 0.19, p 1 0.05). Similarly, no effect of current parental smoking was found on the growth parameters of ADHD symptoms from age 7 to 9 years.
Finally, the interaction effect of low SES was tested. We first included the interaction term between intervention status and low SES in predicting the slope of ADHD symptoms and the probability of experimentation with tobacco, to test whether GBG effectiveness depended upon SES. These interaction terms were not significant and were dropped from the analyses. We then controlled for the main effect of low SES. The indirect path from intervention status, via ADHD symptoms to tobacco use remained significant ( ␤ = -0.08, p ! 0.05), suggesting that there was no influence of low SES on the results. The final model showed an effect size of 0.42, which reflects a medium effect. The mean difference in the latent factor was 1.768, with an SD of 4.23.
Discussion
This study shows evidence for a mediating effect of ADHD symptoms on early-onset tobacco smoking in late childhood. Our results suggest that ADHD behavior is somehow involved in the pathway towards early-onset smoking. No such link was found for reductions in conduct problems and early-onset tobacco use. More specifically, reducing ADHD symptoms also seems to protect children from early-onset smoking. Although such evidence is not sufficient to come to causal conclusions, it provides some support for such a link [40] . Our findings were in accordance with previous reports among US young adolescents showing that by targeting behavioral outcomes such as ADHD, a distal preventive effect on early-onset smoking was also achieved [41, 42] .
Our study focused on a young group of participants, at the verge of entering adolescence, which is a critical developmental period of exposure to tobacco and other (il)licit substances [1] . Early-onset smoking is related to an increased risk of regular smoking at later ages [43] . Furthermore, exposure to nicotine during adolescence, while brain development is still ongoing, may pose an additional risk for adverse outcomes. For instance, the prefrontal cortex is still developing and does not reach full maturation until early adulthood [44] . Likewise, transmission and receptor expression in the hippocampus of the neurotransmitter GABA-B is achieved in late adolescence [45] . Thus, early-onset smoking may hamper normal development and it is therefore of importance to examine which causal factors predict smoking. Our findings suggest that ADHD may be such a factor.
Pathways from ADHD to Tobacco Use
Several pathways through which symptoms of ADHD are linked with tobacco use have been suggested. One explanatory pathway may be that the inattention symptoms and behavioral impulsivity of children with ADHD may result in difficulties to understand and oversee the longterm consequences of smoking [6, 46] .
Another explanation for the association between ADHD symptoms and high prevalence of smoking may be the self-medication theory. This theory implies that individuals with ADHD symptoms employ nicotine to enhance cognitive functioning [47] . Indeed, several studies have shown evidence for improvements on affective and cognitive measures, particularly on measures of sustained attention following nicotine administration in adults, which suggests a possibility of self-medication to account for greater prevalence of cigarette smoking among individuals with ADHD symptoms [48] . Indirect proof for the self-medication theory was provided by a study that showed that adolescents with ADHD, who were treated with pharmacotherapy, smoked less than their untreated counterparts over 2 years of high school [49] .
A third pathway may be that children with symptoms of ADHD are more likely to get involved with antisocial peers [50] , which puts them at a risk of early-onset smoking. Various studies have indeed shown that peer influences (affiliation with delinquent or antisocial peers, peers' drug use) [51] are associated with substance use. Moreover, the probability of such affiliation with deviant peers has been linked to childhood disruptive behavior problems [52] . In line with this pathway, Tarter et al. [53] provided a model in which early deficits in behavioral regulation are related to maladaptive social interactions, which in turn can increase the risk of having deviant and delinquent peers, and early-onset substance use.
Limitations
Several limitations have to be taken into account when interpreting our findings. First, a general population sample is representative, but is characterized by low prevalence rates of tobacco use, especially because of our young age groups, which may have influenced the results.
In addition, we addressed early onset of smoking and therefore may have focused on predisposed children. It is of interest to follow our study population beyond the age of 11. However, because of the importance to study correlates and predictors of tobacco use at an early age, our results contribute to the identification of adolescents at risk. Second, the possibility exists that our study omitted important mediating variables on our outcome [54] . For instance, other externalizing behavior such as childhood aggression and conduct disorder co-occur with symptoms of ADHD [55] and may be related to tobacco smoking as well. However, our results showed that reductions in conduct problems were not related to onset of tobacco use. This is in line with a recent population-based study, which showed that adjusting for conduct disorder did not change the significant association between ADHD and smoking [7] . In line with this, no strong association has been found as yet for childhood aggression and early-onset smoking. For instance, O'Callaghan et al. [38] have recently shown that the influence of prenatal and current maternal smoking had the strongest effect on early-onset smoking in a model that also included childhood aggression as predictor. In our study, we adjusted the analyses for the influence of prenatal maternal and current parental smoking. However, the small number of children that was exposed to especially prenatal smoking may have prevented us from drawing firm conclusions in this regard. Third, we used teacher ratings of ADHD symptoms, which did not yield psychiatric diagnoses of ADHD. Moreover, in our study, we could not differentiate between various constructs within ADHD, such as inattention and hyperactivity. Therefore, we do not know which aspect of ADHD accounted for the effect on tobacco use. Our findings reflect that within a representative population sample, reductions in the number of ADHD symptoms have an influence on onset of tobacco use. Fourth, we have no biochemical confirmation on actual tobacco use and based our findings on self-reported use of at least 1 cigarette per week at age 10 or 11. Finally, our findings are limited to late childhood and preadolescence and to the onset of tobacco use. Our findings need to be extended to older adolescents and future studies may focus on the development from initiation of tobacco use to regular smoking.
Implications
Reducing ADHD symptoms also protects children from early-onset smoking. This finding is relevant for the development of prevention programs. Our findings suggest that these prevention programs should also focus on targeting behavioral symptoms, especially those related to ADHD, when aiming at preventing early-onset tobacco use. Future research should be directed at establishing which pathway, or combination of pathways, explains the link between ADHD and early smoking initiation.
